Patterns of nucleotide polymorphism within populations of Drosophila melanogaster 30 suggest that insecticides have been the selective agents driving the strongest recent 31 bouts of positive selection. However, there is a need to explicitly link selective 32 sweep loci to the particular insecticide phenotypes that could plausibly account for 33 the drastic selective responses that are observed in these non-target insects. Here, 34
organophosphate resistance to a region including Cyp6g1 (Kikkawa 1961 105 [parathion]; Pyke et al. 2004 [diazinon] ). Cross-resistance to the organophosphate 106 malathion was reported at the mapping region on chromosome 2 by Kikkawa (1961) , 107 In light of this evidence, resistance to organophosphates makes a compelling subject 115 for study in the DGRP. Natural variants with the two strongest signals of selection in 116 the population, Ace and Cyp6g1, may both confer resistance to these compounds, 117 and the organophospate class of insecticides has been employed widely over a long 118 period of time, giving it opportunity to induce such selective pressures. 119 120 Pyrethroids have also been extensively utilized both spatially and temporally in 121 insect control. Natural variation contributing to pyrethroid insecticide class 122 resistance in D. melanogaster is less well understood, however they do share the 123 same moleculer target as organochlorides (such as DDT) while being chemically 124 unrelated. Like Ace, resistance-causing mutations in the molecular target of 125 pyrethroids and DDT, the voltage-gated sodium channel, are common in insect pest 126 species (Dong et al. 2014 ). However, orthologous mutations have not been 127 described as natural variants in D. melanogaster, although EMS mutagenesis has 128 yielded mutations in para (the D. melanogaster voltage-gated sodium channel alpha 129 subunit) that cause resistance to DDT and the pyrethroid deltamethrin (Pittendrigh et 130 al. 1997 ). At least one D. melanogaster cytochrome P450 gene has bene shown to 131 be involved in pyrethroid biology. Cyp4e3 is both induced in response to permethrin 132 exposure, and capable of increasing resistance to the insecticide when 133 overexpressed (Terzhaz et al. 2015), however, once again natural variation in this 134 gene has not been described, and any contribution to of this locus to pyrethroid 135 resistance in wild populations is yet to be determined. 136
137
Organophosphates and pyrethroids are two of the oldest and most widely used 138 insecticide classes in the world today. Here, we investigate the genetic basis of 139 resistance in the DGRP to a representative of each of these classes; the 140 organophosphate, malathion, and the pyrethroid, permethrin. We perform genomic 141 and transcriptomic associations with both male and female adults at multiple doses 142 and incorporate genotyping of structural variation and previously identified signatures 143 of selective sweeps. 144 Male and female insecticide phenotypes (3, 6,  148   12 and 24-hour malathion mortality at 1μg/vial, permethrin 3-hour knockdown and  149 permethrin 24-hour mortality at 10 μg/vial) were tested for associations with genomic 150 variants using the DGRP2 pipeline (Huang et al. 2014 none of which were below the Bonferroni-corrected significance threshold (table S4) . 198
Genome-wide association studies:

199
We also interrogated datasets generated by Huang et al. (2015) for insecticide-200 associated eQTLs whose target transcript was also associated with resistance to the 201 same insecticide. As expected, malathion-associated variants within the Cyp6g1 202 sweep boundaries were identified and can be considered 'cis' eQTLs for Cyp6g1. 203 Therefore, presence of structural variants was directly tested for association against 217 the relevant insecticide phenotype, and significant associations were found with 218 
Discussion
In this study, the DGRP was assayed for resistance to malathion and permethrin, 271
representatives of two of the most important insecticide classes, organophosphates 272 and pyrethroids. Sexes were phenotyped separately and scored at multiple time 273 points, increasing the resolution with which variants contributing to resistance could 274 be identified. This is evident in the variation in the strength of association across 275 time points, even for the top candidates Cyp6g1, Ace, and Cyp6a17/Cyp6a23 ( G303A and F368Y). Each of these three nonsynonymous sites independently 294 achieved Bonferroni-significant associations with male and female malathion 295 mortality at 6 and 12 hour timepoints. Two resistant Ace substitution haplotypes 296 exist among DGRP lines; Ace-VGF (one substitution) and Ace-VAY (three 297 substitutions), and enzymes carrying these substitutions have inhibitory constants of 298 6.4 and 32 to malaoxon (the activated form of malathion) respectively (Menozzi et al. 299 2004) . We find that DGRP population mean malathion mortalities for each of the 300 three haplotypes in keeping with these relationships, suggesting that the previously 301 characterized role of Ace resistance substitutions explains the strong malathion 302 associations detected within Ace and the surrounding haplotype. Previously, a 303 DGRP GWAS of resistance to the organophosphate azinphos-methyl did not detect 304 strong associations with these alleles (Battlay et al. 2016) . This is likely due to the 305 lower inhibitory constants of these alleles to azinphos-methyl than malathion; Ace-306 VGF actually reduces the inhibitory constant to 0.92, and Ace-VAY only increases it 307 and that organophosphate selection may be a more likely explanation than DDT for 314 the sweep observed at the Cyp6g1 locus (Schmidt et al. 2017 ). Moreover, we find 315 that the DGRP harbors greater allelic diversity at Cyp6g1 than had previously been 316 described at the locus, and that these additional structural variants, along with those 317 previously characterized, are correlated with differences in transcription of Cyp6g1 318 and downstream Cyp6g2. 319 320 This work also implicates cytochrome P450s in resistance to permethrin. DGRP 321 variants most strongly associated with permethrin map to a region on chromosome 322 2R containing nine P450 genes, with peaks over Cyp6a23 and Cyp317a1. Structural 323 variation in the DGRP has previously been described involving Cyp6a23 and its The transcription level of another P450, Cyp12d1-p, was associated with male 24-346 hour mortality, and transgenic overexpression of the gene confers malathion 347 resistance in both male and female adults ( fig. 3 ). Interestingly, we do not observe a 348 strong association at either the genomic level (table S5) or the transcriptome level 349 (table S4) to oxidative stress, which results in an increased resistance to malathion. In this 363 study, we found associations between constitutive transcript levels of Jheh1 and 364
Jheh2 and male malathion mortality at 24 hours (adjusted r 2 =0.10; p=4.5210 -5 ) and 365 3 hours (adjusted r 2 =0.10; p=4.6210 -5 ) respectively. However, we did not find that 366 the presence of the Bari-Jheh insertion was significantly associated with malathion 367 mortality at any of our four timepoints, for either sex ( fig. 2; table S5 ). This is 368
presumably due to differences in the exposure times between our study (up to 24 369 hours) and the work in Insect bioassays: Adult flies for bioassays were anaesthetised with CO 2 at 0-24 412 hours after eclosion and sorted by sex into holding vials containing rich media, where 413 they were kept for 3-4 days, resulting in 3-5 day old adults for use in bioassays. 414
Assays commenced between 11am and 12pm. 20mL glass scintillation vials were 415 treated with 500μl of acetone/insecticide solution at the required concentration and 416 rolled using a hot dog warmer (heat off) until the acetone had evaporated. ~7 flies 417 were transferred to each vial without the use of anesthesia, and cotton wool 418 moistened with 10% sucrose solution was used to stopper the scintillation vials. 419 DGRP lines were screened at a single dose (1μg/vial for malathion, 10μg/vial for 420 permethrin). Malathion-treated flies were scored for mortality at 3, 6, 12 and 24 421 hours, permethrin-treated flies were scored for knockdown at 3 hours and mortality 422 at 24 hours. Transgenic lines were screened at multiple doses and scored for 423 mortality at 24 hours. A minimum of three biological replicates were performed for 424 each sex of each DGRP line, and for each sex at each dose for transgenic lines. These datasets were supplemented with our own manual calling of the insertion 459 using IGV 2.0 software (167 lines; Thorvaldsdóttir et al. 2013 ). This resulted in 80 460 DGRP lines with high confidence (at least two concurrent calls) Bari-Jheh genotypes 461 that also had matching transcriptome and malathion phenotype data, which were 462 used for further analysis. Garud et al. 2015) . 761 
